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We propose and demonstrate a highly effective method of enhancing coupling and power transfer
efficiency in inductive heating systems composed of planar coils. The proposed method is based on
locating ring-shaped ferrites in the inner side of the coils in the same plane. Measurement results of
simple inductive heating systems constructed with either a single or a pair of conventional circular
coils show that, with the in-plane inner ferrites, the total dissipated power of the system is increased
by over 65%. Also, with three-dimensional full electromagnetic solutions, it is found that power
transfer efficiency of the system is increased up to 92% with the inner ferrite placement. The pro-
posed method is promising to be used for efficiency enhancement in inductive heating applications,
especially in all-surface induction hobs. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4992119]
I. INTRODUCTION
Far-field electromagnetics has been studied for decades.
Its theory is well known and widely used in numerous appli-
cations, including communication and radar technologies.
Similarly, electromagnetic fields in the near-field have been
fully understood and day after day its application areas grow.
For example, wireless induction utilizes electromagnetic
fields in the near-field. Today, induction systems are being
used in a wide range of areas including heating and energy
transfer.1–6 In addition to the widespread use of induction
heaters in heavy industries such as metal melting, induction
hobs have become increasingly more popular in recent times
because of its advantages such as safety, cleanliness, quick
warming, and controllability.5,6
In induction systems, energy transfer is achieved via
induced eddy currents on the receiver coil. These eddy cur-
rents are in reverse directions with those of the currents in
the transmitter coil and are induced by coupling of the pro-
duced magnetic flux. In inductive heating, instead of a
receiver coil, there exists a vessel. Magnetic fluxes, pro-
duced by the coils beneath the hob surface, couple to the
vessel, and eddy currents are induced on it. Because of the
vessel’s self-resistance, eddy currents generate heat and
warm up the vessel. Previously, coils of various shapes,
such as circular and elliptical ones, were developed for effi-
cient inductive heating.7,8 In addition, in newly designed
hobs, an array of small-sized coils with different shapes are
used for all-surface efficient inductive heating.9–12 Using an
array of small-sized coils, it is possible to control field local-
ization and orientation and to power on only the specific
coils that are covered by the vessel in predetermined
proportions.13 This is indeed similar to the array antenna
theory that enables efficient power transmission to receiver
coils where the receiver coil is a vessel, and it is in the near-
field here.
In regular induction hobs, efficiency enhancement is
obtained with ferrites located below the coils.14–16 However,
this enhancement is limited, and further improvements are
needed. On the other hand, in some designs, ferrites of dif-
ferent shapes, such as U-shaped ferrites, were placed around
coils and/or coil windings.17–19 Although such assemblies
increase heating in conventional systems by focusing mag-
netic flux, they inhibit coupling between side-by-side placed
coils in all-surface induction hobs. In an array structure, cou-
pling between coils is an important factor for the vessel’s
efficient heating, which was investigated in the literature
both analytically and experimentally.20,21 Therefore, it is
necessary to develop new methods to improve the efficiency
of inductive heating systems without prohibiting coupling
between coils in array forms.
Different from the previous studies, here, we propose
and demonstrate coupling and power transfer efficiency
enhancement in an inductive heating system with ferrites
located in the inner side of the side-by-side placed coils in
the same plane. This is intended especially for array struc-
tures used in all-surface heating application. The proposed
method relies on decreasing the volume in which the pro-
duced magnetic flux is localized and increasing the flux den-
sity. The inner ferrites achieve this by redirecting magnetic
fields, and the resultant high density magnetic flux enables
increased coupling in the system and enhancement in the
power transfer efficiency. Meanwhile, the inner ferrites do
not decrease magnetic flux generation of the coils because
magnetic fields are produced from the winding region of the
coils.a)Author to whom correspondence should be addressed: vkilic@bilkent.edu.tr
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II. EXPERIMENT
A. Single coil arrangement
We initially examined power transfer efficiency and
coupling enhancements in an inductive heating system com-
posed of a single coil unit with inner ferrite located inside
the coil. To this end, measurements were obtained systemati-
cally, i.e., with and without loading, and by adding inner
ferrite.
1. Without loading
The coil structure and a photograph of one of the pro-
duced coils used in measurements are shown in Fig. 1
together with a ring-shaped inner ferrite. Here, the circular
coil is sandwiched between two mica layers. Each mica has
0.4 mm thickness and is used as a substrate layer during pro-
duction. Each coil has an inner diameter of 30 mm and an
outer diameter of 75 mm. Also, they have 44 turns in total,
where each turn is composed of 13 copper wires with
0.25 mm diameter.
The measurements were done at 20 kHz and 100 kHz
because conventional induction heaters usually operate
between these frequencies. The inductance of the produced
coils without a ring-shaped inner ferrite was measured to be
102.65 lH at 20 kHz and 102.03 lH at 100 kHz. Similarly,
the self-resistance of the coils was measured 324.75 mX at
20 kHz and 914.75 mX at 100 kHz.
We repeated our inductance and resistance measure-
ments of the produced coils with a Mn-Zn ferrite layer that is
placed just below the coils and has 7 mm thickness. Locating
a ferrite layer below the coils is a well-known method to
increase coupling and efficiency of inductive heating sys-
tems.14–16 This is explained by the image theory, i.e., mag-
netic fields produced by the coils in bottom half space is
redirected upwards by the ferrite layer. The inductance and
the resistance values of the coils were measured to be
170.97 lH and 520.00 mX at 20 kHz and 169.42 lH and 1.65
X at 100 kHz, respectively. The enhancement in the resis-
tance value is unwanted because it indicates large power loss
in the system. However, the increase in the inductance value
represents coupling enhancement with a denser magnetic
flux in the inductive heating system.
2. With loading
Next, we placed a loading plate above the coil and
investigated changes in inductance and resistance values.
The loading plate was selected to be made of a stainless steel
(AISI 430) having a cylindrical shape with 180 mm diameter
and 1 mm thickness because stainless steel is one of the most
appropriate material types to be used in inductive heating
applications. In addition, since the steel plate is used to imi-
tate a vessel, its diameter is selected to be typical for conven-
tional vessel diameters. The constructed system is shown in
Fig. 2 from its top and cross-sectional side views.
In the system, the distance between the coil plane and
the steel plate (h1) is set to 10 mm, similar to that in conven-
tional hobs (using vitro ceramic glass). Moreover, in the fig-
ure, the ring-shaped ferrite in the inner side of the coil is
FIG. 1. (a) Coil structure used in
measurements and ring-shaped ferrite
located in the inner side of the coil
(where mica layers and the circular
coil are illustrated to be apart from
each other for clear visibility, although
they are in contact in the actual struc-
ture). (b) Photograph of the produced
coil from top view together with ring-
shaped ferrite placed inside the coil.
FIG. 2. Schematic of the constructed
setup with a single circular coil from
(a) top and (b) cross-sectional side
views.
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marked in black. It has a height of 9 mm (h2), an inner diam-
eter of 14 mm (a1), and an outer diameter of 22 mm (a2).
Similar to the ferrite layer below the coils, the ring-shaped
ferrites are also made of Mn-Zn. Ferrites of this geometry
and material type are commonly cheap and commercially
available. Also, it is important to note that 4 mm wall thick-
ness is higher than the ferrite material’s skin depth at speci-
fied frequencies.
Measurements were conducted with and without the
ring-shaped inner ferrite. Inductance and resistance values of
the loaded coil in the system without the inner ferrite were
measured as 167.05 lH and 4.08 X at 20 kHz and 139.79 lH
and 13.58 X at 100 kHz, respectively. The decrease in the
equivalent inductance values is because of induced eddy cur-
rents on the loading steel plate. Based on electromagnetic
law of induction, eddy currents are induced on the plate that
is in opposite direction with the currents in the coil to
decrease change in magnetic flux produced by the coil. A
high decrease in the inductance at 100 kHz frequency indi-
cates strong coupling between the plate and the coil. On the
other hand, resistance values increase too much in the system
with respect to those measured before in the system without
the loading plate. The increase in the measured resistance
values is due to the fact that in addition to self-heating losses
in the coil and the below ferrite layer, part of the input power
is transferred to and dissipated on the plate as heat.
Moreover, for comparison purposes, measurements
were repeated in the system with the ring shape ferrite
placed inside the coil. The system is exactly the same with
the setup represented in Fig. 2. Equivalent inductance and
resistance values of the coil were found to be 210.35 lH and
6.91 X at 20 kHz and 166.53 lH and 20.84 X at 100 kHz,
respectively. Results show that in the constructed system,
the coil’s equivalent inductance increases approximately
26% [(210.35 lH – 167.05 lH)/167.05 lH] at 20 kHz and
19% [(166.53 lH – 139.79 lH)/139.79 lH] at 100 kHz.
Enhancement in the equivalent inductance indicates a high
magnetic flux density and a strong coupling. Similarly, the
equivalent resistance of the coil increases around 69%
[(6.91 X – 4.08 X)/4.08 X] at 20 kHz and 53% [(20.84 X
– 13.58 X)/13.58 X] at 100 kHz. The system’s equivalent
resistance represents total dissipated power in the system
based on the following relation:
Ptotal ¼ I2  Req; (1)
where Ptotal is the total dissipated power, I is the supplied
current, and Req is the equivalent resistance. Therefore,
enhancement in the system’s equivalent resistance with the
placement of the ring-shaped ferrite denotes considerable
amount of increase in the total dissipated power in the sys-
tem. In other words, with the same supply currents to the
coil, the total dissipated power in the system is increased
more than its half with the ferrite placement inside the coil.
To determine how much of the increase in resistance is
due to the power transfer efficiency enhancement and how
much of it is because of the increase in coil winding losses and
ferrites’ self-heating, we modeled and simulated the system
shown in Fig. 2 with three-dimensional (3D) electromagnetic
solver. Simulations were repeated with and without the ring
shape ferrite inside the coil. The constructed system model in
the simulations is exactly the same as the setup represented in
Fig. 2, except the mica layers below and top of the coil were
modeled to be air regions because mica and air have similar
effects on system’s electromagnetic properties. Therefore, in
the simulated system, 0.4 mm gap exists between the bottom
ferrite layer and the coil windings. On the other hand, in the
simulations, the ring-shaped inner ferrite is in contact with the
bottom ferrite layer as in the measurement setup.
In the modeled system, the plate’s material was selected
to be AISI 430 that has relative permittivity (er) equals to 1
and relative permeability (lr) equals to 950. Also, electrical
conductivity (r) of AISI 430 was set to 1.67 106 (S/m).
Besides, the coil was modeled to be made of copper (Cu)
material. Since manufactured coils consist of several litz
strands, the simulations current was forced to flow on entire
cross section of the coil windings. Moreover, the ring-shaped
inner ferrite and the bottom ferrite layer were modeled to
be made of Mn-Zn with relative permittivity (er) and relative
permeability (lr) equal to 270 and 640, respectively.
Eelectrical resistivity (q) of the Mn-Zn was set to 6.5 (X m).
High permeability of the plate material yields enhanced cou-
pling of the magnetic flux produced by the coil to the plate.
In addition, its electrical conductivity, which is lower than
that of the gold, copper, aluminum, or similar metals, causes
quick warming by converting the induced eddy currents into
heat. Therefore, electrical and magnetic characteristics of the
plate material enable efficient power transmission together
with large variations in the equivalent inductance and resis-
tance values.13 Similarly, ferrites with very high permeabil-
ity are important for system efficiency enhancement and
increase in equivalent inductance and resistance values of
the coil because ferrite’s effect is proportional with its mag-
netic permeability.14
In the simulations, it is found that in both cases, losses
on the ferrites are considerably small with respect to other
power dissipations, i.e., less than 1% of the power is lost on
the ferrites as self-heating. In addition, coil winding losses
were calculated to not increase too much with the inner fer-
rite’s placement. On the other hand, power transfer effi-
ciency of the system increases from 88% to 91% at 20 kHz
and from 86% to 89% at 100 kHz with the ring-shaped fer-
rite’s placement. Power transfer efficiency is ratio of the
power that is transferred to and dissipated on the plate to
total power dissipated in the system, which includes the
transferred power and all the losses in the system. Power
transfer efficiency of the system is calculated with Eq. (2)
Efficiency ¼ 100 Ptransferred
Ptotal
; (2)
where Efficiency is the power transfer efficiency of the sys-
tem in percentages. Also, Ptransferred is the transferred power
to the plate, and Ptotal is the total dissipated power in the
system.
Moreover, for comparison purposes, we calculated
inductance values in the system. Similar results with those
obtained in the measurements were found. For instance, in
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the simulated system where ring-shaped ferrite is not placed
inside the coil, the equivalent inductance of the coil was cal-
culated to be 165.30 lH at 20 kHz and 127.01 lH at 100
kHz. However, for the same system, the equivalent induc-
tance of the coil was measured as 167.05 lH at 20 kHz and
139.79 lH at 100 kHz.
B. Double coil arrangement
The system was further analyzed with a pair of circular
coils instead of a single one. The new system helps to under-
stand the coupling and efficiency changes in an all-surface
inductive heating system with placement of the ferrites
inside the coils. Experiments were repeated systematically in
the new system with and without loading.
1. Without loading
To investigate changes in coils coupling, two circular
coils were placed side by side on a ferrite layer and electri-
cally connected in series. The ferrite layer is the same with
that used in previous measurements, which was shown in
Fig. 2. The total inductance and resistance of the coils were
measured for different coil distances. Results are shown in
Fig. 3. Here, 0 and 180 phase differences indicate that the
currents flowing on the coils are in the same direction (e.g.,
both in clockwise) and in reverse directions (one coil in
clockwise and the other coil in counterclockwise), respec-
tively. In Figs. 3(a) and 3(c), as the coil separation increases,
inductances in 0 and 180 phase difference cases get closer
to each other and converge to values, which are marked with
black lines. These are equal to the sum of individual induc-
tances, i.e., two times the inductance of the coil on the ferrite
plane (since the coils are identical). This convergence over
distance indicates that coupling decreases between the coils.
On the other hand, low and high inductance values obtained
with the 0 and 180 phase differences are because of the
destructive and constructive coupling of the coils, respec-
tively.22 Similarly, in Fig. 3(d), resistances in 0 and 180
phase difference cases converge to a value, which is two
times the resistance of the coil on the ferrite plane and
pointed out with a black line. However, in Fig. 3(b), there is
no such a convergence. The total resistance value of the sys-
tems is close to the double of the resistance of the coil on the
ferrite plane, which is again marked with a black line. Since
the resistance of the coils is low, the variation in the system
resistance with the distance is small, too, i.e., in the order of
tens of mX. The indecisive changes in the resistance values
at 20 kHz frequency might be due to precision of the
measurement.
2. With loading
Next, we placed the steel plate that is exactly the same
with the plate used in single coil arrangement above the
coils. Schematic of the new system is illustrated in Fig. 4.
Different from the system represented in Fig. 2, here, the
setup contains two side-by-side placed circular coils con-
nected in series with a distance d between them. On the other
hand, all the parameters in the system are the same with
those in Fig. 2. For instance, ring-shaped inner ferrites have
a height of 9 mm (h2), an inner diameter of 14 mm (a1), and
an outer diameter of 22 mm (a2). These ferrites inside the
coils are again marked in black. Also, the distance between
the steel plate and the coils’ top surface (h1) is 10 mm.
We obtained measurements with and without the ring-
shaped inner ferrites. As represented in Fig. 1, ring-shaped
ferrites are placed inside the coils such that their centers coin-
cide with the coils’ centers to further enhance coupling in the
system. Measured inductance and resistance values of the
systems are shown in Fig. 5 for different coil distances. Here,
the maximum distance between the coils is set to 3 cm
because the coils start to overflow from the plate’s projection.
In the figure, similar behavior to Fig. 3 is observed.
Since 180 phase difference exists between the coils, the
inductance and the resistance values decrease with the dis-
tance. These reductions in the 180 phase difference appli-
cation are because of the constructive coupling between the
coils. In addition, the inductance values shown in Figs. 5(a)
and 5(b) are lower than the inductance values illustrated in
Figs. 3(a) and 3(c), respectively. The plate decreases the
FIG. 3. Inductance and resistance
change in the system that is composed
of two side-by-side placed and series
connected coils for various distances
between the coils with 0 and 180
phase differences at (a), (b) 20 kHz and
(c), (d) 100 kHz. In parts (a), (c) and
(d), red and blue curves represent the
second order fittings. [In part (b), in
order not to make the plot more com-
plex, fitting curves are not presented.].
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system’s equivalent inductance via induced eddy currents
on it. On the other hand, the resistance values presented
in Figs. 5(a) and 5(b) are considerably higher than those
shown in Figs. 3(b) and 3(d), respectively. Therefore, with
the plate’s placement total power dissipated in the system
increases. With numerical simulations of the system, it was
demonstrated that the enhancement in resistance is mostly
because of the power transferred to and dissipated on the
plate.
Also in Fig. 5, the equivalent inductances decrease as the
frequency increases, while the equivalent resistances in the
system increase. The increase in the equivalent resistance is
mostly because of the enhancement in the plate’s self-
resistance that is due to the decrease in the skin depth of the
plate’s material. On the other hand, the decrease in the equiv-
alent inductance indicates coupling increase between the
plate and the coils. Since the plate couples to the coils more,
eddy currents with higher magnitudes are induced on it,
which decreases the system’s equivalent inductance.
Moreover, comparisons of Fig. 5(a) with Fig. 5(c) and
Fig. 5(b) with Fig. 5(d) show that with placements of ring-
shaped inner ferrites, the system’s equivalent inductance and
resistance values increase considerably. These enhancements
are calculated using Eqs. (3) and (4), and they are shown in
Fig. 6
DL ¼ 100 ðLw ferrite  Lw=o ferriteÞ=Lw=o ferrite
 
; (3)
DR ¼ 100 ðRw ferrite  Rw=o ferriteÞ=Rw=o ferrite
 
: (4)
Here, DL and DR are the percentage changes in the sys-
tem’s equivalent inductance and resistance, respectively.
Also, Lw/o_ferrite and Rw/o_ferrite represent the equivalent induc-
tance and resistance of the system [see Figs. 5(a) and 5(b)], in
which ring-shaped inner ferrites are not used. Similarly,
Lw_ferrite and Rw_ferrite stand for the equivalent inductance and
resistance of the system [see Figs. 5(c) and 5(d)], in which
ring-shaped ferrites are placed inside the coils.
In the figure, it is seen that with placements of the ring
shape ferrites inside the coils, the system’s equivalent induc-
tance increases by around 25% at 20 kHz and 19% at 100
kHz. Here, an increase in the system’s inductance indicates
enhancement in the flux density and coupling. Similarly, with
the ring-shaped inner ferrites, the system’s equivalent resis-
tance increases by around 65% at 20 kHz and 50% at 100
kHz. Results show that enhancements in system’s equivalent
inductance and resistance values with ring-shaped inner fer-
rites are very similar to single and double coil arrangements.
As in single coil arrangement, we modeled and simu-
lated the new system represented in Fig. 4 with 3D electro-
magnetic solver. For comparison purposes, simulations were
FIG. 4. Schematic of the constructed
setup with a double circular coil from
(a) top and (b) cross-sectional side
views.
FIG. 5. Inductance and resistance of the
constructed induction system (shown
in Fig. 4) for various coil distances
by applying 180 phase differences
between the coils where inner ferrites
do not exist and measurements were
obtained at (a) 20 kHz and (b) 100 kHz,
and inner ferrites exist and measure-
ments were obtained at (c) 20 kHz and
(d) 100 kHz.
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repeated with and without the ring-shaped inner ferrites. In
the simulations, again mica layers were modeled as air gaps.
In addition, materials used to model the parts are the same
with those used to model the parts in single coil simulations
such that coils were modeled to be made of copper (Cu)
material. Similarly, the ring-shaped inner ferrites and the
bottom ferrite layer were modeled to be made of Mn-Zn.
Also, the plate’s material was selected to be AISI 430 with
the electrical and magnetic parameters described earlier.
Power transfer efficiencies of the system were calculated
for various distances between the coils. Results are illus-
trated in Fig. 7. In the figure, power transfer efficiency
increases with distance between the coils when the coils are
driven by 0 phase difference [Figs. 7(a) and 7(b)]. On the
other hand, power transfer efficiency has a decreasing trend
with distance between the coils in the case of 180 phase dif-
ference application [Figs. 7(c) and 7(d)]. These behaviors are
very similar to inductance changes in Fig. 3 and because of
destructive and constructive coupling of the coils with 0
and 180 phase difference applications, respectively. In addi-
tion, it is seen that the system power transfer efficiency
increases from around 87% to 91% [Fig. 7(a)] and from 86%
to 89% [Fig. 7(b)] in the case of 0 phase difference applica-
tion at 20 kHz and 100 kHz, respectively, with the inner fer-
rites placement inside the coils. Similarly, ring-shaped
ferrites inside the coils enable the system power transfer effi-
ciency to increase from 88% to 92% [Fig. 7(c)] and from
86% to 89% [Fig. 7(d)] for 180 phase difference between
the coils at 20 kHz and 100 kHz, respectively.
Furthermore, we calculated the equivalent inductance
of the coils in the systems and compared the results with
those obtained by measurements. Similar results were found
in the simulations and the measurements. For instance, the
total equivalent inductance of the coils in the system without
ring-shaped inner ferrites, where the coils were separated
by 3 cm distance and 180 phase difference was applied
between the coils, was calculated to be 335.11 lH at 20 kHz
and 255.46 lH at 100 kHz. These results are very close to
the inductance values represented in Figs. 5(a) and 5(b) for
the same system.
III. CONCLUSION
In conclusion, this work presents a newly proposed coil
architecture using ring-shaped inner ferrites placed in the same
plane with coils. Simple proof-of-concept demonstrator sys-
tems composed of single and pair of circular coils, a ferrite
layer, and a steel plate were constructed. The equivalent induc-
tance and resistance of the model systems were comparatively
measured for various coil distances with and without the ring-
shaped inner ferrites in place. Measurements were repeated
at different frequencies and with 180 phase differences
between the coils in a double coil arrangement. In addition to
conventional phase difference application and the ferrite layer
FIG. 6. Inductance and resistance changes in the system (in percentages)
with ring-shaped inner ferrites placements calculated for measurements con-
ducted at (a) 20 kHz and (b) 100 kHz. In measurements, coils are driven
with 180 phase difference.
FIG. 7. Power transfer efficiency of
the system (shown in Fig. 4) calculated
for various coil distances with and
without ring-shaped ferrites inside the
coils by applying 0 phase difference
between the coils at (a) 20 kHz and (b)
100 kHz and by applying 180 phase
difference between the coils at (c)
20 kHz and (d) 100 kHz. Here, labels
w/o_ferrites and w_ferrites represent
the systems without and with the inner
ferrites, respectively.
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placement, locating ferrite inside the coils is shown to be
another method for efficiency enhancement. Results indicate
that with the ring-shaped inner ferrites, the total dissipated
power in the system can be increased by over 65%. Also, it is
calculated that ring shape inner ferrites enable power transfer
efficiency of the system to reach 92%. The findings of this
study are beneficial for inductive heating system applications
where an array of small-sized coils is used. A possible exten-
sion to this work is to investigate ferrites for coupling and effi-
ciency enhancement of coils that have 3D stacking.
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